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federal  government  departments. 

The  contents  of  this  material  in  no  way  represent  the 
policies,  views  or  attitudes  of  the  U.  S.  Government 
or  of  the  parties  to  any  distribution  arrangement. 
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FATIGUE  AUK  OXIDATION  OF  HIGH-TEMPERATUEE  ALLOYS 
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Following  is  a  translation  of  four  articles  from  the  Rassian- 
language  book  Voprosy  fizlki  metallov  i  metallovedeniya,  Sbomik  nauchnykh 
trudov  Institute  metallofiziki,  No.  17  (Problems  of  Metals  Physics  and 
Metals  Science^  Works  of  the  Institute  of  Metals  Physics,  No.  1?)^  Kiev, 
Publishing  House  of  the  Ukrainian  Academy  of  Sciences,  1963.  Complete 
bibliographic  infoimtion  accompanies  each  article. 
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rirRUCTURS  CHANGES  DURING  Ul^STBADY  Hi3ATING  OP 
NOZZLE  VANES  MDE  PROM  A  CAST,  NICKEL-BASE 
HEAT-RESISTING  ALLOY 


fPollowing  is  a  translation  of  an  article  by.y,,_N, _ 

Gridnev,  A.  I,  Yefimov.  N«  F,  Kushnareva,  and  M.  S, . 

^^anoxjin  the  ^s  si  an -"language"  book  Voorosy  Piziki 
MetalTov  i  Metalloyedoniya  (Problems  of  Metals  Phy- 
sics  and  tletals  Science  Collection  of  Scientific 
Works  of  the  Institute  of  Metal  Physics,  No  17»  Kiev, 
1963>  Academy  of  Sciences  Ukrainian  SSR,  pp  96-llOJ 


/iTozzle  vanes  of  gas  turbines  operate  under  conditions 
of  an  unsteady  temperature  field.  Thermal  stresses  forming 
during  engine  starts  and  stops  lead  to  prematur^.;  fracture  of 
vanes  due  to  the  onset  and  development  of  thermal  fatigue 
cracks  /iT**  In  a  number  of  works  the  decisive  role  of  surface 
layers  of  heat-resisting  alloys  in  opposing  fracture  at  high 
temperatures  and  under  conditions  of  unsteady  heating  is  pre¬ 
sented.  It  has  also  been  established  that  cracks  which  form 
in  the  surface  layers  of  intake  vanes  and  sometimes  in  the  dis- 
charge  vanes  are  developed  in  grain  boundaries.  However,  due 
to  difficulties  of  an  experimental  nature  (insignificant  thick- 
ness  of  siirface  layers),  mtil  recently  there  was  no  systema¬ 
tic  data  on  the  effect  of  thermal  cycling  on  phase  composition 
and  structure  of  storface  layers  of  vanes  imder  operating  con¬ 
ditions.  The  present  investigation  is  devoted  to  a  study  of 
the  structure  changes  in  surface  layers  and  internal  regions 
of  samples  and  vanes  of  oast  nimon^.  J  li^ J  y 

Material  and  method  of  Investigation 


The  items  of  investigation  v/ere  nozzle  vanes  which  had 
passed  thermal  fatigue  tests  on  a  dynamic-gas  installation  un¬ 
der  conditions  simulating  starting  and  stopping  of  a  gas  tur¬ 
bine  engine.  Temperature  mode  of  gas  was  20-1200-20®C.  Vanes 


were  investigated  after  a  varying  number  of  cycles  in  which  the 
greatest  number  of  cycles  was  650. 

Thermal  cycling  of  samples  (disks  with  a  16-mm  diameter 
and  8-mm  hei^t )  was  done  in  a  furnace  as  follows:  heat  to 
1000  C  in  30  seconds,  hold  at  1000  G  for  ii.  min,  cool  in  air 
stream  or  water.  Structure  changes  occurring  in  the  vanes 
and  samples  after  thermal  cycling  were  studied  with  ordinary 
and  electron  microscopes.  In  the  investigation  of  structure 
alterations,  preparation  of  polished  sections  and  bringing  out 
the  ^licrostructvire  is  of  paramount  importance.  In  this  work, 
specimens  wore  mechanically  polished.  Micros  true  tui’e  was  re¬ 
vealed  by  electroetching  using  electrolytes,  and  processes  pro¬ 
posed  by  the  All-Union  Institute  of  Aviation  Materials  (VIAM) 
(see  table) 


Etching  process,  current  Microstruc- 

strength,  and  etching  time  ture 

0.1-0. 2  a/cm 
5-6  seconds 

0.1-0. 2  a/cra^ 

120-180  seconds 

10  i  EaOH  +  H2O2  0.1-0. 2  a/cm^ 


strengthened 
^  Y‘  •  -phase 

cellular  struc¬ 
ture 

carbide 

phase 


Reagent 

composition 

10  g  (KH4)2S0i^  " 
10  g  citric  acid 

vater  1  m-^ 


Results  of  investigation.  Study  of  the  structure  state  of 
samples  subjected  to  thermal  cycling  (samples  were  heat  treated 
by  V.  I.  Borisov). 

Samples  were  subjected  to  thermal  cycling  with  air  cool¬ 
ing  after  1,  75  and  I4.OO  cycles  and  with  water  cooling  after  1, 

75  and  280  cycles. 

lio  noticeable  change  of  the  carbide  constituent  was  re¬ 
vealed  nor  was  there  any  essential  change  noted  between  struc¬ 
ture  of  the  center  and  that  of  the  area  adjacent  to  the  svirface 
of  polished  sections  (Figs.  1,  2).  For  comparison.  Pigs.  1  and 
2  show  the  micro  structure  of  saxaples  quenched  in  water  after 
one  and  280  cycles.  Thermal  cycling  of  sajjiples  with  air  cool¬ 
ing  from  a  fan  does  not  load  to  formation  of  cracks  even  after  - 
1^.00  cycles.  Apparently,  stresses  forming  under  such  conditions 
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are  insufficient  for  crack  formation.  Testing  of  samples  ■un¬ 
der  more  rigid  conditions  causes  nicrocracks  to  appear  even 
after  75  cycles  and  the  formation  of  a  large  number  of  visible 
cracks  is  noted  after  260  cycles.  Microscopic  investigations 
show  that  not  all  cracks  emerge  at  the  surface,  A  portion  of 
the  cracks  is, located  at  a  depth  of  0.1-0. 2  mm  from  the  sur¬ 
face  (Pig.  la).  It  is  possible  at  this  depth  that  stresses, 
forming  in  connection  vjlth  var’>’lng  rate  of  heating  and  cool- 
ling  of  the  surface  and  internal  areas  of  the  sample,  are 
maximum. 


Pig.  1.  liicro structure  of  thermally  fatigued  samples, 
water  quenched  and  carbide  phase  etched,  after  one 
cycle  (left)  and  280  cycles  (right);  a--3urface 
layers  (70X);  b— Internal  layers  (lOOX), 


Microstructure  study  of  the  -phase  in  the  samples 
showed  that  increasing  the  nvunber  of  cycles  and  changing  the 
conditions  of  cycling  does  not  significantly  change  shape  and 
position  of  the  -phase  (Pig.  2a,  b).  Slight  coalescence  of 
the  -phase  within  the  grains  and  more  vigorous  coalescence 
in  the  grain  bomdaries  is  observed  only  at  a  large  number  of 
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;v3r:n:il  cycles  v;':-;lch  i 
)»  Apparently,  t!ae  no 


vei-’ified  by  electron  microscopy  {?ig. 
predcminant  factor  in  coalescence 


of  carbides  '.na 
t ]  1 0  b  e  na  e  r  a  t \ii“  e 
r  3,  tiri''e . 


the  'iJ'  -phase 
end  holdinp; 


is  not  the  number  of  cycles  but 
tine  at  the  maximum  cycle  tempe- 


?ig.  2.  liicrostructure  of  thermally  fatigued  samples, 
v/ater  Quenched  and  3^’ -phase  ©ocned,  aftei'  ono  cycle 
(left)  and  280  cycles  (right):  a — surface  layers 
(70X);  b--internal  layers  (3000X). 


affect  of  unsteady  heating  on  structure  of  surface  layers  and 
internal,  zones  of  nozzle  vienes, 

liicrostructure  and  electron  microscope  Investigations 
of  cast  and  heat  treated  vanes  indicate  essential  distinctions 
in  uheir  structure.  In  a  heat  treated  vane  tnere  is  obsei’vee 
considorablo  dissolution  of  carbides  as  compared  -Jith  cast 
'/ones.  As  is  laio'.m,  chroraium  carbides  .•■’.nd  blns.ry  carbides, 
being  disposed  primarily  in  the  grain  b'-undarios,  embrittle^ 
ti^e  alloy.  Processes  of  carbide  formation  in  grain  bomidarios 
])r:moto  depletion  of  t:ie  6'-phaso  by  allo^'ing  elements,  which 
.3.11, oviates  coalescence  of  the  -phase. 
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structure  changes  in  nozzle  vanes,  having  passed  standing 
Aft-fin  a  va-^vinf  nuiaber  of  thermal  cycles,  wore  initially 
s?udleforvanI^  5  various  molts.  Apparently,  In  conneotlon 
vrith  the  fact  that  vanes  were  of  various  shapes,  varying  ther¬ 
mal  cycling  from  different  heats  did  not  reveal  an  ^sociatlon 
between  nulber  of  cycles  and  formation  of 

eight  vanes,  after  70,  100,  162,  192,  275,  300,  500  and  650 
cycles,  deep  cracks  were  observed  on  the  leading  edge  after 

70  and  275  cycles.  „  ^  , 

Hicrostructure  investigations  of  surface  layers  and 
internal  regions  of  vanes  with  cracks  on  ®  Js®  ^er 

etching  the  carbides  and  -phase  showed  tnat  no  particular 
change  in  location  of  the  -phase  and  carbides,  as  conpared 
with  a  heat  treated  vane,  is  observed.  The  -phase  is  uni- 

forray  distributed  in  the  matrix  of  the  solid  solution.  In¬ 
vestigations  of  the  geometry  of  crack  development  shows  that 
that  cracks  are  situated  in  the  grain  boundaries  (Fig.  3b). 

A  concrete  result  of  structure  changes  in  surface  layers 
of  vanes  having  cracks  was  obtained  in  a  study  of  the  surface 
layers  of  deeply  etched  samples  (Pig.  3^  3b). 

Prom  Pig.  3  it  is  clear  that  a  brief  etching  of  a  section 
of  a  vane  in  the  cracked  region  (from  the  leading  edge)  did  not 
reveal  any  essential  difference  in  the  structure  state  of  the 
surface  and  internal  sections  of  the  sample.  Increasing  the 
etching  time  from  two  to  five  minutes  revealed  a  imique  cellular 
structure  in  the  surface  layers  (Pig.  3b).  This  cellular  struc- 
tTore  is  observed  in  the  surface  layers  of  the  leading  edges  of 
vanes  which  had  undergone  thermal  fatigue  tests  and  cracked  af¬ 
ter  70  and  275  cycles  (Pigs.  3b,  ij-b,  and  $b).  Depth  of  sur¬ 
face  layer  with  the  cellular  structure  was  0.1-0. 2  mm  for  vanes 
after  70  cycles  and  1-2  mm  for  vanes  after  275  cycles.  It  must 
be  noted  that  the  cellular  structure  is  revealed  not  only  in 
the  region  of  craclcing  but  on  a  considerable  portion  of  the 
leading-edge  surface,  and  in  many  vanes  is  present  in  the  entire 

leading  edge  (Pig.  4).  ,  .  ^  . 

■The  most  pronounced  cellular  structure  is  revealed  in 
surface  zones  of  a  vane.  At  a  certain  depth  from  the  surface, 
the  -phase  is  ingrained  on  the  light  background  of  the  cellu¬ 
lar  structure  and  the  amount  of  "S’ -phase  present  gradually  in¬ 


creases  where  at  a  depth  of  0.1-0. 2  mm  the  cellular  structure 
comoletely  disappears.  Only  the  -phase  is  evenly  interdis- 
persed  in  the  matrix  of  the  solid  solution  (Pig.  5a  and  5b). 

Cell  dimensions  change  from  30  millimicrons  on  the  surface  to 
5  millimicrons  in  deeper  layers.  The  cellular  structure  has 
preferred  orientation  within  the  boundaries  of  each  grain  (Pigs. 
3b  and  5b).  Transition  from  one  grain  to  another  is  accompanied 
by  change  of  orientation  and  shape  of  individual  cells  (Pig.  6). 

In  a  vane  after*  500  cycles,  in  which  there  are  no  thermal 
fatigue  cracks,  the  cellular  stinrcture  is  not  present.  Compari¬ 
son  of  vanes  after  70,  275,  and  500  cycles  shows  that  in  a  vane 


g.  3-  Micros tructure  of  vane  after  275  cycles  of 
testing  in  the vcrackod  region,  'ft'-'hasa  etched: 
o.“-otchlrig  ti;:is-2'3  seconds;  b — etching  time-lOG 
seconds  ttOX). 
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after  500  cycles,  there  is  noticeable  coalescence  of  the  -phase 
both  inside  the  grains  and  in  the  grain  bovindaries. 

In  one  vane  from  the  investigated  alloy,  a  deep  crack  in 
the  trailing  edge  was  observed.  Microscopic  investigation  of 
this  vane  showed  that  the  cellular  structure  was  not  only  close 
to  the  cracks  but  on  the  entire  trailing  edge  of  the  vane  (Pig. 
4a), 


ff*/euema0  cmpy/f/nypa 


(1) 


npoMeMcymoHMOP  cmpyf(myp9 


Cmp^ttmype  3r-<Pff3u 


(2) 

(3) 


Pig.  I4..  Illustration  of  the  distribution  of  cellular, 
intermediate,  and  S' -phase  structures  in:  a—  a  vane 
with  a  crack  on  the  trailing  edge,  b--a  vane  after 
275  cycles.  l“-cellular  structure,  2-.-intermediate 
structure,  and  3--structuro  of  the  -phase. 


The  lack  of  an  evident  relationship  between  number  of 
cycles  and  formation  of  cracks  in  vanes  of  the  first  batch 
made  it  necessary  to  conduct  a  similar  investigation  of  vanes 
from  one  heat.  This  series  of  vanes  were  investigated  after 
50,  75,  100,  150,  240,  350,  and  [[.QO  cycles.  It  tTirned  out  that 
that  thei'e  is  a  definite  relationship  between  number  of  cycles 
and  formation  of  cracks. 

In  all  vanes  of  this  heat,  starting  at  100  cycles  and 
above,  cracks  wore  observed  in  the  leading  edge.  Microstruc¬ 
ture  studies  showed  that,  in  vanes  with  cracks, the  cellular 
structure  will  be  in  a  narrow  region  in  the  leading  edge.  The 
width  of  this  region  varies  from  vane  to  vane  and  in  the  same 
vanes  vai’ies  from  0.1  to  6  mm. 

It  was  interesting  to  note  that  in  a  vane  after  350 
cycles,  the  cellular  structure  is  found  on  a  restricted  section 
in  the  region  of  the  leading  edge  where  the  cracks  are  also 
observed. 
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The  existence  of  the  cellular  structure  in  the  svirface 
zone  was  established  also  in  a  vane  made  from  an  alloy  of  3imi“ 
lar  composition  which  cracked  along  the  leading  edge. 

Discussion  of  results 


The  microstructure  of  vanes  in  the  cracked  region  shows 
that  fracture  occurs  primarily  in  the  grain  boundaries  (Pig  3b). 

In  individuals  cases  it  was  possible  to  establish  that 
the  initial  stages  of  fracture  are  a  loosening  of  the  structure 
being  transformed  into  microcracks  along  the  grain  bovindaries 
of  the  cellular  structure.  Apnarently,  as  a  result  of  cyclic 
loading  at  these  points,  defects  are  accvmrulated  and,  at  speci¬ 
fic  stages,  lead  to  the  formation  of  microcracks  (Pig.  5a). 

These  observations  agreed  with  x-ray  studies  of  work  /ji/  in 
which  the  authors  arrive  at  the  conclusion  that,  as  a  result  of 
cyclic  thermal  stresses  over  a  period  of  time,  preceding  the 
appearance  of  cracks,  plastxc  deformation  is  intensely  accumu¬ 
lated  ^ decrease  dimensions  of  blocks  which  corresponds  to  an 
increase  of  dislocation  density). 

1.  affect  of  thermal  cycling  on  formation  of  cellular  structure. 

Por  explanation  of  the  conditions  of  formation  of  the 
cellular  structure,  alloy  samples,  after  normal  heat  treating, 
were  subjected  to  repeated  heating  at  various  temperatures, 
held  at  temperature  for  different  periods  of  time,  and  cooled 
in  water  or  air,  or  furnace  cooled.  It  turned  out  that  the 
cellular  structure  appears  vjhen  alloys  are  heated  at  ll80-1200C. 
Further  increase  of  temperature  accelerates  this  process.  After 
eight  hours  at  ll80  G,  individual  areas  v/ith  the  cellular  struc¬ 
ture  are  noticed.  Increase  of  temperature  to  1200  C  promotes 
clear  manifestation  of  the  cellular  structure  within  l5  minutes, 
but  at  1300  G  only  5-10  minutes  was  required.  Prerequisite  for 
stabilization  of  the  cellular  structure  appears  to  be  the  con¬ 
dition  of  cooling.  The  faster  the  cooling  rate,  the  more  clear¬ 
ly  this  structure  is  revealed.  Slow  fumace  cooling  does  not 
promote  formation  of  the  cellular  structure  even  after  heating 
to  high  temperatures  (,  1250-1300  G).  Analysis  of  the  mlcrostruc- 
ture  and  results  of  x-ray  studies,  after  various  forms  of  heat 
treatment,  foim  a  basis  to  explain  when  and  why  the  cellular 
structure  is  formed.  At  the  present  stage  of  investigation, 
these  conditions  proposed  by  us  are:  in  heating  to  1180-1200  0 
and  above  causes  dissolution  of  the  excess  phases  (carbides 
and  -phase)  in  the  matrix  of  the  solid  solution.  The  higher 
the  heating  temperature  and  longer  the  holding  time  at  tempera¬ 
ture,  the  faster  these  processes  will  proceed.  During  subse¬ 
quent  cooling  the  -phase  precipitates  out  and, in  this  instance, 
precipitation  cannot  be  retarded  even  by  water  quenching.  Gool- 
ing  rate  has  a  significant  effect  on  degree  of  dispersity  of  the 
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magnifications,  but  is^satisfactorily^resolved^^^^^ 

of^a°blS^preiipitato  which  can  b^  removed  from  the  surface  • 

of  the  polished  section  (,x-ray  ^^Thus 

black  nrecipltate  confirmed  existence  of  the  )tfj -phase;, 

t-ViA  Vi-irfi  doaree  of  dispersity  of  the  S' -phase  is,  apparently, 

S:  de?L?vf  oonStfon'^fo?  mlnife^tatlon'of  tha  celtalar 
tu-e  Coalescence  of  the  s' -phase  occurs  during  slow  cooling 

Sd  ihe  cellular  structure  does  not  fo».  ^  |t™c- 

servations.  it  was  possible  to  assume  that  the  cellular  st^c 

ture  can  be  annihilated  by  additional  heating  ^ 
that  will  ensure  coalescence  of  the  V  -gjiase.  To  check  thi  , 
a  sample  with  the  cellular  structure  was  vacuum  Seated  at 
1100  C  fo-"  five  hours.  After  repolishing  and  deep  etching, 

Sf  s^ric'turrshoun  In  Pig.  6b  was  revealed  ttus,  as  is  pos- 
sible  to  see,,  coarsening  of  the  '-phase  took  place  ^d  .  . 
same  time  the  cellular  structure  disappeared.  Heating  to  high 
er  temperatures  k1200  C)  with  subsequent  rapid  again 

Ir.  .ks  to  formation  of  the  cellular  structure.  Thus,  at  cer 
ti’-k  conditions,  this  process  can  be  completely  reversed. 

Hii  virally  there  is  the  question  if  the  cellular 
niliilated;  is  this  only  an  apparent  effect  associated  with 

peculiarities  of  etching?  At  present,  it  is  better 

make  assumptions,  but  to  us  it  seems  that  they  will  be  better 
founded  after  additional  experimentation.  Apparently,  in 
actual  conditions  of  nozzle  vane  operation,  ^^®’_'®  JJ® 

simultaneous  changes  of  chemical  composition  of  the  surface 
layers,  temperature  and  time  conditions  for  formation  of  cellu 
lar  stinicturo  can  change,  iiowever,  at  present  there  are  no 
data  on  this  problem. 

2.  nature  of  the  cellular  structure 

In  micro structure  analysis  appears  the  question  on  the 
fact  that  there  is  a  cellular  structure  and  is  it  a  result  of 
etching?  In  the  process  of  investigation  many  samples  were 
subjected  to  repeated  polishing  and  etching,  in  all  cases 
the  revealed  microstructurewas  always  the  same.  In  addition, 
as  one  mav  see  from  Pig.  5a,  in  the  surface  layers,  only  the 
cellular  structure  is  observed.  The  transition  to  deeper  layers 
shows  that  the  finely  dispersed  V -phase  is  revealed  on  the 
background  of  the  cellular  structure.  ' 

of  the  polished  section  always  contained  precipitated  particles 
of  carbides  and  the  i'-phase.  Tnis  observation  leads  to  the 
conclusion  that  the  cellular  structure  may  be  associated  with 

a  causal  effect  of  etching.  ^  ^  ^ 

Some  authors  associate  the  formation  of  a  similar  typo 
structure  with  formation  of  oxidized  films  and  their  subsequent 
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Pig.  6.  ileproduclbillty  of  cg11ii“ 
l^r  structure:  ^--repented  deep 
etcliirg  into  'll' -phase  of  a  saorole 
quenched  frorr,  1200  C  after  holding 
for  0.6  Iciloseconds  (7OX);  b”“sai:ie 
soKiple  after  holding  at  1100  G 
for  five  hoiira  (6OOX). 


ocl:  Lng  in  cryste  ..  pla.nes  pocu.liar 


;he  rristal  under  the  oxide 


filin.  I'hus,  in  v.'ork  ^57  filri  inot'-'.od  of  etching  v?as  used 

for  riiotallographic  study  of  the  subetrute  of  silicon  electric 
steels.  As  a  result  of  using  this  special  fron  of  etching,  a 
silir.iilo.r  strvxcture  vias  also  observed,  in  research  on  ferritic 
.nagnesi'ait  iron  /6/ . 

Spocial  tests  v.e  0  carried  out  to  exmain  the  nature  of 
the  cellular  structiu’e.  Samples  vdth  <a  ceilulcar  structure  vrero 
subjected  to  ropolishing  ami  etching  many  times.  In  Pi  go  6a, 
'.icrophotograpiis  are  sliovm  of  t].,e  same  polished  section  after 
repeated  polis'nings.  As  evident,  in  all  cases  the  nature  of 
coil  orientation  is  nresorved,  although  cell  size  is  changed. 
P.reservation  of  cell  orientation  after  repolishlng  in  the 
confines  of  one  gr'.in  and  its  chs-nge  in  the  tr-v.'.s5,  i-icn  to  ano¬ 
ther  grain  serves  as  an  indicatic?s  that  the  cy.l.lu;!;  r*  strvictare 
i'o.tlects  crystallo,grapbic  orientation  of  the  gr-iins.  iiovrevsr, 
change  of  cell  size  places  idoxetity  of  sti’ucturo  end  substrate 
in  doixbt, 

■Phexeefore,  it  in  possible  to  as.sujxie  that  the  cellxilar 
stri.ict'are  in  tiiis  case  is  a  I'esult  of  fl'ijn  etching  of  the  reetal 
vlnich  is  in  a  sxxecific  s  tisicture  state.  Phis  structure,  as 
evident  ri'’ojn  me  tallo.gx’anhic  ’  nvestigs.tionG  (Pig.  .ea  J  can  be 
associated  udth  t'le  varyin-.  Agree  of  dis'cersity  and  quantity 
of-  the  ^f'-pliase  in  the  sux’'.'.n.co  sections  and  internal  ro.giox;s 
of  the  .'lotal.  i'!o.;-3xwer ,  '  is  •necessar'’’  to  take  into  account 


the  effect  of  change  of  chemical  composition  of  svirface  layers 
as  a  result  of  interaction  of  vanes  with  corrosive  gas  flow. 

3.  Cellular  struct\H»e  and  formation  of  cracks. 

V/o  attempted  to  relate  formation  of  the  cellular  struc¬ 
ture  Jind  formation  of  microcracks  in  the  surface  layers  of  vanes* 
Actually,  if  the  cellxilar  structure  characterizes  a  change  of 
structure  state  of  vane  surface  layers,  it  can  bo  deduced  that 
the  surface  layers  possess  less  resistance  to  thonual  fatigue 
and  are  the  most  probable  sites  for  fonriatlon  and  development 
of  microcracks.  Hov;ever,  it  is  known  that  thermal  cycling  to 
1000  C  forms  cracks  although  there  is  no  cellular  structure. 

Upon  increasing  the  cycling  temperature, the  formation  of  cracks 
proceeds  much  faster.  At  these  conditions  (heating  to  IloO  0) 
the  cellular  structure  is  revealed. 

While  the  only  assumption  that  can  be  made  is  that  for¬ 
mation  of  the  cellular  structure  can  accelerate  micro cracking, 
vrhich  can  lead  to  failure  of  nozzle  vanes.  The  physical  na¬ 
ture  of  this  association  must  be  further  studied.  It  will  be 
nouessary  to  give  attention  to  the  fact  that  appearance  of 
the  cellular  structure  in  thin  surface  layers  after  stand  tests 
may  be  connected  with  local  overheating. 
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/TnVSSTIGATION  op  crystal  structure  change  yI 

DURING  THERI^IAL  FATIGUE  OF  ALLOY  2aiS-6K  '  ' 


ij’ollo'wing  is  a  translation  of  an  article  by  A,  P. 
Glazov j  L.  I._  Lysj^,  L.  V.  Tilthonov,  and  M.  S.  Kha- 
zanovlin~?He  I^ssian-language  book  Voprosy  Fiziki 
Metallov  i  Metallovedeniya  (Problems  of  Metal  Phy- 
sics  and  Metals  Science),  Collection  of  Scientific 
k/orks  of  the  Institute  of  Metal  Physics,  No  17, 
Kiev,  1963,  Academy  of  Sciences  Ukrainian  SSR, 

pp  111-119.3 


fThermal  fatigue  is  one  of  the  basic  factors  leading  to 
fracture  of  nozzle  vanes  of  gas  turbine  engines.  Thermal 
s^re s s e s  occurring  dirring  stopping  and  starting  of  an  engine 
and  during  switch-over  from  one  mode  of  operation  to  another 
sharply  reduces  the  service  life  of  vanes. 

Cracks  formed  in  the  process  of  thermal  cycling  usually 
appear  in  surface  layers  of  a  vane  and  upon  further  operation 
rapidly  lead  to  vane  fracture. 

At  present  it  is  generally  accepted  that  the  main  pro¬ 
cesses  occurring  in  imsteady  thermal  actions  are  thermal 
stresses.  These  stresses  which  exist  all  the  time  are  func¬ 
tions  of  the  temperature  gradient  /IT  and,  as  a  mile,  are  great 
est  in  the  surface  layers  and  therefore  cause  structure  change 
in  these  layers.  J 

One  majr  consider  that  in  the  process  of  cyclic  heat  • 
treatment  there  occurs  an  accumulation  of  elastic  macro-strain 
(stresses  of  the  first  order)  which  brings  about  the  formation 
of  ci’acks.  Apparently,  change  of  phase  composition  has  much 
significance,  as  this  occurs  in  the  surface  layers  under  the 
effect  of  thermal  stresses  /l7»  There  are  data  on  the  fact 
that  thermal  cycling  activates  the  aging  process  as  compared 
with  its  isothermal  nature  at  the  highest  temperature  of  the 
cycle  IZy  37*  The  variation  in  the  process  of  cyclic  heat 


treatmont  on  dislocation  distribution  in  the  surface  layers 
/ii7  also  is  important.  It  should  be  noted  that  the  shape  ^d 
^urfaS  condition  of  a  part  effects  resistance  to  thermal  fa- 
tiPTie  as  does  the  parameters  of  the  temperature 
Oxidation  of  the  surface  layer  also  plays  an  essential  role. 

In  spite  of  a  large  number  of  works  on  the  study  of 
thermal  fatigue  of  heat-resist5-ng  alloys  ^d  parts,  the  problem 
is  still  far  from  being  adequately  understood. 

Many  researchers  studied  thermal  fatigue  of  various 
materials  which  v;ere  quite  different  in  shape  from  vanes  cm 
also  under  conditions  quite  different  from  actual  condition  . 

Kozzle  vanes  of  gas  turbines  xvere  investigated  in  tnis 
present  work  by  x-ray  diffraction  at  conditions 

Ltual  operating  conditions  (temperature,  composition  of  medium 

combustion  products  of  diesel  fuel,  gas  flow-rate, 

combu  ^  ig  obviously  the  result  of  the  same 

structure  changes  which  accumulate  in  surface  layers  of  vanes 
during  thermal  cycling,  it  was  necessary  to  conduct 
vestiiations  of  vane  surface  layers  with  respect  to  the  number 
of  cycles  before  and  after  cracking. 

It  was  also  interesting  to  investigate  changes  or  sur¬ 
face  condition  of  vanes  in  the  process  of  machining. 

(Tho  pi’GSontGd  problGins  wer©  solved  in^  our  work  by  means 

of  investigating  the  state  of  the  matrix  av 

Several  cast  y^i^s  made  of  heat-resisting  alloy  ZhS-oK 
were  produced.  lI.Qnt„,.tr eating  vanes  was  done  as  follows:  four 
hours  at  1200  C  with  3ub;Se<^ent  air  cooling.  In  order  to  ex¬ 
plain  the  effect  of  macMnlng  on  structure  of  the  surface 
layer,  three  forms  of  vanes  were  investigated:  uniiiachined, 
rough  machined,  polishejM  Polished  vanes  were  subjected  to 
thermal  cycling  on  a  special  unit  under  two  variants:  1)  q.00 
30  seconds;  500^-30  sec;  800^-60  sec;  l).00®;  b)  lj.00°-30  sec; 
7000-30  sec;  9^00-60  sec;  ij-OO®.  ^ 

Method  of  investigation 

X-ray  investigation  of  the  If-solid  solution  vane 
surface  layers  was  done  in  an  ionization  chamber  UH3-50I  with 
automatic  recording  of  radiation  scattering.  Rotating  speed 
of  scintillation  counter  was  0.1j.l5  milliradians/sec  and 
nf  movement  of  diagram  strip  of  recording  instrument  was  O.^b 

(ill),  1220),  and  (222)  of  the  Y-aolld  solution 

were  recorded  using  Co-K«^  radiation.  ,  ,  uv.  •)ov.««o+- 

In  the  investigation  vanes  were  placed  on  the  largest 
stand  of  the  URS-^OI  unit  and  not  rotated  in  the  plane  of  the 
polished  section.  In  photographing  slices  of  vane  samples  they 

were  rotated  in  the  plane  of  the  J 

sec.  As  a  rule  the  surface  layers  were  studied  but  in  some 
cases  deeper  areas  were  studied  by  means  of  etching. 


The  chanf-o  of  -phase  lattice  parameter  was  determined 
by  the  change  of  the  angle  of  reflection  of  interference  lines. 
Determination  of  the  dimensions  of  the  regions  of  coherent 
scattering  and  magnitude  of  micro-distortions  was  done  accord¬ 
ing  to  methods  described  in  works  [jy  S/. 

Results  of  investigation  and  their  discussion 

Results  of  measuring  the  lattice  parameter  of  the  ^-phase 
in  the  region  of  possible  crack  formation  ^middle  of  leading 
edge  on  concave  side)  in  vanes  are  presented  in  Pig.  1. 


Pig.  1.  Curve  of  the  change  of  lattice  parameter  of 
the  --phase  on  surface  of  vane  to  stage  of  mecha¬ 
nical  working:'  a — lattice  parameter  a,  nmj  b — 
ixnmachined;  c--deep  roughing;  d--polishing; 
e — distance  from  surface. 


Prom  Pig.  1  it  is  evident  that  machine  leads  to  some 
increase  in  lattice  parameter.  These  results  are  explained 
in  that, during  casting  and  heat  treating,  layers  are  formed 
on  the  surface  which  differ  in  composition  from  the  ZhS-6K 
alloy,  and  upon  further  roughing  and  polishing  these  layers 
are  removed.  This  explanation  is  verified  by  a  change  in  the 
lattice  parameter  after  etching  of  vinmachined  and  polished 
vanes  at  various  depths,  Por  example,  when  etching  and  un¬ 
machined  vane  the  following  results  are  obtaire  d: 

depth  of  etching,  mm  0,00  0,05  0.10 

latcice  parameter  of 

of  )f-phase,  nm  0.3571  0, 35Sl  0.3589 

Results  of  x-ray  examination  of  the  surface  layer  of  a 
polished  vane  with  respect  to  depth  of  etching  are  shovm  in 
Pig,  2.  As  one  can  see,  in  etching  the  finished  surface  of 
a  vane,  the  V -phase  parameter  remains  almost  unchanged.  Thus, 
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and  DOllshed  of  oho  aurfaoe  completely  romovea  the 
variable  oompoaltlon  which  is  formed  during  pouring 
and  heat  treatment  of  the  vane. 


0  005  0,10  0.15  0.20  0.25  0.30  0J5  mu 

(d)  r/jySuHtt  c/io/i  mpotjjeHug 


Fig.  2.  Curves  of  the  change  in  line  widths 

and  B222),  integral  intensity  of  line  111  U]2l)» 
lattice  parameter,  and  size  of  the  region^ of 
coherent  scattering  of  the  8-phase  according  to 
depth  of  the  surface  layer  in  a  vane;  a— lattice 
parameter  a,  nm;  b — depth  D,  cm;  c— B^;  d-depth 
of  etched  layer. 


From  Fig.  2  one  may  conclude  that  the  thiclmess  and 
structure  of  the  cold-worked  sxarface  layer,  which  is  impor¬ 
tant  in  this  case,  have  a  decided  effect  on  resistance  to  ther¬ 
mal  fatigue  These  data  obtained  in  filming  the  concave 

region  of  the  vane  a.long  the  leading  edge  show  that  the  width 
of  lines  (lllj  and  (222)  and  the  intensity  of  line  vlll)  are 
changed  up  to  a depth  of  0,1  mm  from  the  vane  surface,  i.  e, 
the  depth  of  the  cold-worked  layer  is  approximately  0. 0-0,1  mm 
deep.  Size  of  the  region  of  coherent  scattering  and  magnitude 
of  micro-distortions  on  the  surface  of  the  vane  were  determined 
from  vjidths  of  lines  (111)  and(222)  and  found  to  be  Aa/afts2.7 
Xl0"3  and  Da=3  x  10"°  cm  respectively.  From  modeled  presenta¬ 
tions  developed  in  ^9-117  follows  that  distribution  of  dis¬ 
locations  on  the  surface  of  a  finished  vane  is  random.  Sven 
at  a  depth  of  approximately  0.0^  r.mx  microdeformations  are  prac¬ 
tically  zero  and  the  size  of  the  blocks  of  coherent  scattering 
exceed  1  x  10"4  cm.  Deeper  in  the  vanes  the  size  of  these 
blocks  does  not  change. 
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A  vane  was  similarly  investigated  at  6^0  cycles  (with¬ 
out  cracks)  according  to  mode  1  (page  lij.;.  Results  of  this 
study  are  presented  in  Fig.  3*  X^ray  photographs  were  taken 
at  four  regions  of  the  vane  surface:  1)  the  region  of  the  lead¬ 
ing  edge  on  the  concave  side  (parameters--aT ,  Im#  and  D~0; 
2;  region  of  the  leading  edge  on  concave  side  (jxarameters— a2» 

Illl,  and  D— ©;  3)  concave  region  in  center  section  (parameter 
— a3,  and  D;  hack  side  in  center  (pararaeter--a|^, 

Illl, 


Pig.  3.  Characteristics  of  crystal  structure  of 
vane  surface  layer  after  650  cycles:  a — nm, 
b--radians,  c— depth  of  etched  layer 


Lines  widths  on  graph  are  for  those  regions  on  the  lead¬ 
ing  edge,  concave  side. 

Prom  the  presented  data  it  is  clear  that  in  the  process 
of  thermal  cycling  a  layer  of  variable  composition  is  formed 
in  the  surface  layer  (with  diminished  parameter  of  the  S-phase) 
v;ith  a  thickness  on  the  order  of  0.05  In  the  region  of 

the  same  thiclmoss  there  occurs  a  greater  change  in  the  inten¬ 
sity  of  line  (111),  At  a  depth  of  0,05-0,10  ram,  lines  (111) 
and  (222)  are  the  strongest. 

Thus,  all  structure  changes,  accviraulated  as  the  result 
of  thermal  cycling,  are  concentrated  primarily  in  the  fine 
surface  layer  with  a  thiclcness  of  0,05-0.10  mm. 
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Jud-inP  bY  the  intensity  of  lines  UlD  it  Is  interest¬ 
ing  to  note  that  the  size  of  the  regions  of  been^nre-^ 

^  <;^<sTT\flilest  cm)  in  the  zone  where  cracks  had  been  pre 

vLSy  noMd  ion  the  leading  edge,  concave  aide ).  smo 

wSr  of  block  dimensions  l~3  x  lO'S  cm)  gives  and  ef 
as  to  Widths  of  lines  UH)  and  (222).  _In 

Size  of  the  regions  of  coherent  scattering  are  much  larger. 
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Pig.  k,  affect  of  the  number  of  thermal  cycles  on 
characteristics  of  the  crystal  structure  of  the 
i-phase  ivariant  IJ:  a— lattice  paramoter-a,  nm; 
b — radians;  c — number'  of  cycles. 


In  spite  of  the  small  size  of  the  blocks  in  the  zone  of 
the  leading  edge  U'b  is  the  same  as  in  the  initial  \inmachinod 
vane),  mi  erode  formations  of  the  li-phase  lattice 
served.  This  fact  can  be  explained  principally  by  the  varying 
distributions  of  dislocations  in  the 

original  vane  and  vanes  subjected  to  6^0  cycles.  The  produced 
result  fully  agrees  ;jith  the  result  of  work 

Pig.  k  shows  data  obtained  on  vanes  with  respect  to 
number  of  cycles  (,0  to  650)  according  to  variant  1.  None  of 
the  vanes  of  this  batch  had  any  cracks.  ^  x-ray  P^obograph 
was  taken  of  the  surface  of  an  unsectioned  vane  in  the  zone 

of  the  leading  edge,  concave  side.  ,  j.  n 

Prom  the  presented  data  one  can  see  that  at  approximately 
100  cycles  the  interference  lines  are  almost  completely  non¬ 
existent  which  indicates  removal  of  lattice  microdexormations 
and  increasing  of  the  regions  of  coherent  scattering,  ■‘^no 
change  of  lattice  parameter  is  completed  at  100  cycles  on  the 
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sxirfacs  of  th®  VEirios  (bl3.ck  cirol0”“®-t  lln®  (HX)^  so[UQ.i’G”"'St 
lino  (220).  The  intensity  of  line  (111)  up  to  100  thermal 
cycles  is  steadily  diminished  indicating  an  increase  ln,the 
size  of,  the  regions  of  coherent  scattering  fi*om  3  x  10”  to 
1  X  10"^  cm.  In  the  Interval  between  100  and  500  cycles  lines 
(111)  become  spotted  and  it  is  impossible  to  measure  their  in¬ 
tensity.  ■  Hoviever,  this  fact  is  xjitnessed  by  the  fact  that  after 
many  cycles  the  grains  and  blocks  in  the  vanes  are  coarser. 

At  650  cycles  the  lines  again  become  solid  and  their  intensity 
is  increased.  This  phenomenom  corresponds  to  decreasing  size 
of  regions  of  coherent  scattering  (by  calculation  this  is 
3  X  10“6  cm). 

Comparing  all  the  above-mentioned  data  on  change  of 
lattice  parameter,  it  is  possible  to  arrive  at  a  conclusion  on 
the  fact  that  change  of  lattice  parameter  on  the  surfaces  of 
vanes  during  increase  in  niimber  of  cycles  is  explained  by  the 
composition  alteration  of  the  surface  layer,  but  not  by  an  in¬ 
crease  of  elastic  deformation  as  manifested  by  stresses  of  the 


first  order. 

Tlius,  eleastic  macrodeformation  in  the  process  of  ther¬ 
mal  cycling  is  not  accumulated.  At  the  same  time,  the  nature 
of  change  in  the  number  of  cycles  of  the  elastic  microdeforma¬ 
tions  of  the  lattice  and  the  size  of  the  regions  of  coherent 
scattering  indicates  that  if  in  the  initial  stages  of  themnal 
cycling  (100-150  cycles)  temperature  plays  a  more  predomin^t 
role  (removal  of  microdeformations  and  increase  of  block  size, 
i.  e.,  decrease  of  dislocation  density),  then  at  a  higher  num¬ 
ber  of  thermal  cycles  the  danger  zone  for  appearance  of  cracks 
will  be  reached  (500-650  cycles  in  the  given  case)  and  plastic 
strain  is  accumulated  (increase  of  dislocation  density).  In 
this  instance  dislocations  are  not  randoinly  dispersed,  but  are 
distributed  in  such  a  way  that  the  elastic  lattice  energy  is 
less  than  in  a  chaotic  distribution  of  dislocations  (an  example 
of  such  a  distribution  is  grouping  of  dislocations  in  the  shape 
of  a  vertical  wall  and  their  association). 

On  the  basis  of  these  premises  it  one  may  consider  that 
disturbance  of  continuity  of  a  solid  material  (crack  formation) 
occiirs  not  as  a  result  of  accumulation  of  elastic  macrodeforma- 
tion  in  the  surface,  layer,  but  because  of  accumulated  altera¬ 
tions  in  the  fine  crystal  structure  by  which  the  material  loses 
its  ability  to  withstand  \ansteady  thermal  stresses. 

It  must  be  noted  that  the  above-described  regularity  of 
structure  changes,  depending  upon  number  of  thermal  cycles, 
were  confirmed  by  an  investigation  of  other  batches  of  vanes 
V7hich  were  tested  according  to  mode  2.  Results  of  these  in- 
vestigations  are  presented  in  Pig.  5*  vanes  of  this  batch 

began  cracking  at  100  cycles  (in  Pig.  5«,  vanes  with  cracks^ 
are  marked  below  with  arrows).  As  in  the  preceding  J^se, 
are  coit5)letely  narrowed  at  100  cycles.  At  this  point  the  change 
of  lattice  parameter  of  the  V-phase  is  completed. 
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Size  of  blocks  in  the  danger 
zone  is  increased  at  first  (at, 

50  cycles  it  is  close  to  1x10“-’ 
ram  and  then  sharply  decreases  to 
the  point  whore  at  7^  cycles  the 
size  is  approximately  3  x  10"^ 
mm),  after  which  follows  crack 
forraation.  After  crack  formation 
blocks  in  regions  adjacent  to  the 
cracks  become  larger  Indicating 
the  predominant  effect  of  tempera¬ 
ture  in  forming  of  structure J  the 
fact  of  brealcing  up  of  blocks  be¬ 
fore  disturbing  material  structure 
agrees  with  the  results  of  work 
^127  in  \-fhich  thermal  fatigue  of 
pure  copper  was  studied, 

More  detailed  information  <n 
factors  which  determine  thermal 
fatigue  can  be  obtained  by  study¬ 
ing  phase  changes  in  the  s\arface 
layer  and  a  more  local  study  of 
crystal '  structxire  in  relation  to 
number  of  thermal  cycles. 


CONCLUSIONS 

— . ■■■"  y‘ 

i-  - I-  ■■ 

The  change  of  imperfections  of  a  .crystal  structure  and 
the  parameter  of  the  K-phase  on  the  surfaces  of  alloy  ZhS-6K 
nozzle  vanes  was  studied  with  respect  to  the  number’  of  theimial 
cycles  and  also  the  change  of  these  properties  in  layers  at 
varying  distances  from  the  vane  surfaces.  Investigation  was 
conducted  on  vanes  in  the  zone  of  most  probably  crack  forma¬ 
tion. 

Results  shovred  that  significant  changes  of  structure 
during  thermal  cycling  occur  only  in  the  surface  layers  at 
denths  of  0,05-0,10  mm.  A  noticeable  change  of  microstresses 
and  lattice  parameter  of  the  V-phase  occurs  at  a  relatively 
small  number* of  thermal  cycles  (approximately  100).  Upon 
further  increase  in  number  of  thermal  cycles  these  properties 
do  not  change  before  or  after  formation  of  cracks. 

/  Upon  increase  in  number  of  thermal  cycles  the  size  of 

the  regions  of  coherent  scattering  is  increased  at  first  (from 
3  X  10“O  cm  in  the  initial  state  to  an  order  o|  10“^  mm),  and 
then  decreases  to  a  magnitude  of  approximately  3  x  lO"®  after 
which  cracks  appear. 

In  vanes  with  cracks,  dimension  of  the  regions  of  co¬ 
herent  scattering  is  IQ-^  cm.  I 


Pig.  5*  Effect  of  number 
of  thermal  cycles  on  proper¬ 
ties  of  the  "tf -phase  crystal 
stinicture  (variant  2), 
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/  The  obtained  data  shows  that  during  thermal  cycling  of 
vanes  there  is  no  noticeable  accumulation  of  elastic  macro- 
and  micro-deformation  in  the  surface  layers  as  compared  with 
the  initial  state.  At  the  same  time,  before  formation  of  a 
crack,  an  intense  acc\Amulation  of  plastic  strain  is  observed, 
accompanied  by  an  increase  in  dislocation  density.  One  must 
note  that  in  the  surface  layers  of  the  initial  vane  and  in  a 
vane, approaching  a  condition  of  themnal  fatigue,  various  dis¬ 
tributions  of  dislocations  are  observed,  ) 
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/ifPFSCT  0?  UITSTSADY  H3ATING  OK  CHANGE  OP 
MAGKSTIC  AKD  ELECTRICAL  PROPERTIES  OP 
ALLOY  ZhS-6K 


(Pollox'fine  is  a  translation  of  an  article  by  V.  I«.' 

Borisova.  I.  Ya.  Dekhtyar,  E.  G.  Madatqva,  V.  S*.  . . . 

liikhalenkQy,,  r71?7  " 'Pe dchenlco ,  an'd  M.'  S.  Khazanov^y 
in  the  Russian-T^gua2e~’bdok  Voprosy  Pizilci  Hotallov 
i  Metallovedeniya  (Problems  of  Metal  Physics  and 
Metal  Science),  Collection  of  Scientific  Works  of 
the  Institute"  of  Pletal  Physics,  No  17,  Kiev,  1963, 
Academy  of  Sciences  Ukrainian  SSR,  pp  120-131*J 


I  Prom  published  works  on  the  problem  of  thermal  fatigue 
no  satisfactory  theory  on  the  phenomenom  has  been  developed.J 
This  is  explained,  on  one  hand,  by  the  complexity  of  the  pro¬ 
blem  and  the  large  number  of  factors  to  be  considered,  and  on 
the  other  hand,  by  the  fact  that  there  is  no  detailed  explana¬ 
tion  of  the  basic  physical  factors,  change  of  physical  factors, 
and  change  of  phase  states  in  tlje  process  of  thenaal  fatigue. 

In  connection  with  thisQ,t  is  quite  important  that  this 
problem  be  studied  in  order  to  devise  new  methods  of  investiga¬ 
tion  which  are  sensitive  to  phase  and  structure  changes  which 
occur  in  the  process  of  thermal  cycling  of  heat-resisting 
materials. 

One  of  those  sensitive  methods,  used  in  this  work,  is 
that  of  paramagnetic  susceptibility.  In  conjunction  with  other 
methods,  being  responsive  to  changes  of  both  structure  and 
phase  states,  paramagnetic  susceptibility  responds  only  to 
change  of  phase  state  of  an  alloy  in  the  process  of  cyclic 
treatment.  This  should  make  it  possible  to  solve  the  prob¬ 
lem  concerning  the  interrelationships  in  structure  and  phase 
as  to  whether  they  occur  consecutively  or  simultaneously  and 
to  what  degree  they  are  developed  in  the  process  of  thermal 
fatigue.  The  following  methods  were  also  used  in  this  work:  t 
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1^1116 asuroiwont  of  hot  hardnoss,  g.lect,flcal  reslstatico,  dofprroa" 

^  tlohj  rtieasui’ement  of  siirface  electj*ical  resistance  using 

eddy  current  loss  values.!  y  Ij 

Change  of  hardness  and  sample  shape  during  th-orinal  C7jrcling  o^ 
alloT  ^iS-bK. 


One  of  the  important  problems  of  modern  physical  metal¬ 
lurgy  is  the  study  of  metal  behavior  under  cyclic  loads  caused 
by  thermal  cycling.  Thei'mal  stresses  are  set  up  in  a  part  vdien 
it  is  heated  and  cooled  at  a  certain  rate.  The  multiplying 
effect  of  thermal  stresses  cause  the  formation  of  cracks  and 
fracture  of  the  metal.  This  phenomenom  is  analogous  with  the 
action  of  variable  mechanical  loads  on  a  material  and  is  called 
thermal  fatigue.  In  a  number  of  instances  the  phenomenom  of 
thermal  fatigue  causes  failure  of  a  part  by  moans  of  shape  or 
dimension  change. 

Formation  of  thermal  stresses  is  explained  by  non-uni - 
form  state  of  various  points  of  parts  and  is  associated  with 
the  entire  combination  of  solid  state  physical  and  mechanical 
properties.  In  heating  and  cooling  at  a  specific  rate  the 
temoerature  at  different  ares  of  the  surface  will  differ.  Thus, 
there  will  be  a  fully  defined  temperatvire  distribution  in  the 
cross  section  of  a  body  for  a  given  period  of  time.  The  mag¬ 
nitude  of  the  temperature  gradient  depends  on  heat  capacity 
and  thermal  conductivity  of  the  material  and  rate  of  heating 

and  cooling.  .  _ 

In  nonuniform  heating  the  field  of  free  expansion  of 
the  hotter  sections  will  prevent  thermal  expansion  of  the  cool¬ 
er  sections.  As  a  result,  stresses  will  form.  If  the  formed 
stresses  exceed  the  yield  point  at  a  given  temperature,  then 
plastic  deformation  of  individual  sections  of  the  material 
will  take  place.  These  stresses  will  then  lead  to  the  forma¬ 
tion  of  cracks.  However,  the  problem  of  what  takes  place  prior 
to  crack  formation  remains  unstudied.  Since  the  magnitude  of 
thermal  stresses  is  of  such  a  significant  degree,  then  in  the 
course  of  heating  and  cooling  of  the  initial  cycles  cei^tain 
irreversible  processes  in  the  sample  take  place. 

The  present  work  is  devoted  to  a  study  of  the  action  of 
thermal  stresses  on  deformation  and  hardness  of  alloy  22iS-oK 
in  the  process  of  thermal  cycling. 

The  study  of  ZhS-6K  deformation  was  conducted  on  cyclin- 
drical  samples  with  a  diameter  of  3  Mtn  and  length  of  100  mm. 
Shape  of  a  sample  for  a  study  of  the  dimension  changes  plays 
an  important  role.  Any  asymmetry  causes  warping  and  leads  to 
measuring  errors. 

A  cylindrical  sample  with  a  high  length-to-diameter 
ratio  is  best  suited  for  this  study.  Cast  ZhS-6K  rods  were 
annealed  at  1200  C  for  l.i44  x  10^^  sec,  and  then  samples  pro¬ 
duced  on  centerless  polishing  machines.  The  relationship  of 
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change  in  length  to  ntimber  of  cycles  was  investigated  at  1000  0 
v;ith  air  and  water  cooling.  Length  measurements  were  taken 
with  vernier  calipers.  Data  from  the  experiment  are  given  in 
the  table. 


Haqa/ibHafl 

Mhc;io 

KoHCMHaw  ; 

A.nHHa,  MM 

UHOOB 

MM 

(a) 

_Cb) _ 

(c) _ 

SaxajiKa  Ha  Bos^yxe  (d) 


100,50 

10  , 

100,55 

100,40 

20 

100,40 

100,55 

30 

100,65 

100,55 

50 

100,55 

100,55 

75 

100,55 

100,15 

100 

100,25 

100,90 

150 

100,90 

100,20 

250 

100,25 

97,50 

400 

97,60 

97,85 

400 

97,80 

SaKajiKa  b  boav  (e) 

99,45  1 

10  1 

99,50 

99,35 

20  ! 

99,40 

99,40 

30 

99,50 

99,65 

50 

99,75 

99.55 

75 

99,60 

99.55 

100 

99,60 

99.55 

150 

99,62 

99.30 

250 

99,40 

Length  of  samples  before  and 
after  thermal  cycling:  a— ini¬ 
tial  length,  ramj  b — nuiuber  of 
cycles;  c — final  length,  mm; 
d— air  cooled;  e--water  quenched 


As  a  result  of  the  investigation  no  changes  of  linear 
dimensions  were  observed.  Changes  of  length  (according  to 
measurements;  did  not  exceed  0.1  ram  which  is  within  the  limits 
of  experimental  error. 

Tho  produced  data  gives  positive  proof  that  alloys  with 
a  high  recrystallization  temperature  are  not  affected  by  ther¬ 
mal  cycling  with  respect  to  change  of  linear  dimensions.  It 
is  interesting  to  note  that  after  2$0  cycles  and  water  quench¬ 
ing,  samples  broke  without  a  noted  change  of  length.  Hot  hard¬ 
ness  of  samples  v/as  measured  on  a  standard  VIM-Ili  unit  after 
thermal  cycling. 

Samples  for  measurement  of  hot  hardness  Were  cut  into 
5-ram  sections  from  rods  with  a  diameter  of  l5  ram  after  casting 
and  heat  treated  in  the  same  manner  as  the  100-mm  rods.  The 
prepared  samples  were  given  i+O'J  cycles  from  200-100u-200  C  with 
fan  cooling.  Holding  time  in  the  furnace  was  240  seconds,  and 
in  air— 60  seconds.  Hot  hardness  readings  were  taken  at  20, 

200,  4-OD,  60o,  800,  vOO  and  20  C.  ’Three  measurements  were  taken 
on  each  sample  at  each  temperature. 
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Hot  hardness  data  are  given  in  Pig.  1*  curve  re- 

present  change  of  hardness  with  respect  to  mmber  of  cycles. 
ks  can  be  seen,  the  curve  has  an  erratic  nature.  However, 
the  first  minimum  and  maximum  points  on  the  curve  coincided 
for  all  temperatures.  This  testifies  to  the  fact  that  ch^ge 
of  hardness  during  thermal  cycling  is  not  manifested  by  ther¬ 
mal  stresses  but  by  changes  in  the  fine  crystal  structure  of 

the  alloy.  „  ..  j  4.- 

Pig.  2  shows  the  relationship  of  the  magnitudes  of  the 

minimums,  maximums  and  Irdtial  hardness  taken  from  curves  simi¬ 
lar  to  that  in  Pig.  1* 


Pig,  1,  Change  of  hardness 
with  respect  to  number  of 
cycles  in  alloy  ZhS-6K: 
a--V’ickers  hardness,  N/mm^; 
b--number  of  cycles. 


Pig.  2  Relationships  of  magni¬ 
tudes  of  minimums,  maximums  and 
initial  hardness:  l--initial 
hardness,  2--hardness  of  first 
maximum,  3““hardness  of  first 
mimimumj  a- -Vickers  hardness, 
N/mra^. 


Pig.  3  shows  the  change  of  eddy  current  loss  as  a  func¬ 
tion  of  number  of  thermal  cycles  in  a  ZhS-6K  sample  cycled  at 
1000  C  and  air  cooled.  Prom  this  study  it  was  established 
that  there  is  an  increase  in  eddy  current  loss  which  may  be 
associated  with  diminished  electrical  resistivil^  of  the  sur¬ 
face  layer.  However,  the  cause  of  the  latter  phenomenom  is 
still  unclear. 

Relationship  of  electrical  resistivity  to  number  of  thermal 
cycles  in  alloy  Zh3-6K. 

Electrical  resistivity  is  a  structure  sensitive  property, 
i.  e.,  change  of  both  structure  and  phase  state  is  very  finely 
defined  by  the  change  in  its  resistivity.  This  property  is 
\iildely  used  for  research  of  various  types  of  heat  treatment 
and  among  these  is  thermal  cycling. 
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changes  of  structure  and  phase 

iTrs  SSSSfSSrrSo'SSMSS  tSS  S“SoS'of;esistlvlty  .dth 

the  use  of  paramagnQtic  susceptibility  which  responds  on  j 
to  a  change  in  phase  composition. 


i/UC/IO  UUK/JOd  (*b) 


Pig.  3.  Curve  of  change  in  eddy  current  loss  as  a  func¬ 
tion  of  number  of  cycles:  a--differonce  in  deflection 
of  instrument;  b— number  of  cycles. 


Measurements  of  resistivity  for  alloy  ZhS-6K  were  made 
usinp:  somules  3  mm  in  diameter  and  100  mm  long,  which  were 
subjected"  to  thermal  cycling  (20-1000-20  C).  A  potentiometer 
with  a  standard  PPTN  bridge  was  used.  Current  and  potentio¬ 
meter  leads  were  spot  welded  to  the  samples  whereupon  the  dis¬ 
tance  between  potentiometer  leads  was  measured  with  a  vernier 
caliper  and  saraple  diameter  d — with  a  micrometer  at  several 
points.  Resistivity  ^  was  calculated  from  sample  resistance 
using  the  foiwula 

^  =  R(Tfd2/4j^)  (1) 

Measurements  vrere  taken  at  a  constant  temperature  of 
30  C  v;hich  was  maintained  with  the  use  of  a  thermostat.  Accu- 
rary  of  resistivity  measurements  was  iO.^^. 

A  typical  curve  for  change  of  resistivity  with  respect 
to  number  of  thermal  cycles  is  shown  in  Pig.  4»  from  which  it 
is  evident  that  in  the  initial  stages  ^  is  decrease d_  ^up  to 
50  cycles).  A  second  minimum  is  observed  in  the  region  of 
300-350  cycles  after  which  resistivity  is  continuously  in¬ 
creased  up  to  600  cycles.  As  mentioned  above,  the  curve  of 
resistivity  as  a  fimction  of  number  of  cycles  is  the  result 
of  the  applied  effect  of  two  factors:  1)  change  of  structure 
associated  with  change  of  stresses  and  block  sizes  and  2)  change 
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of  phase  quantity  and  composition  in  the  alloy. 
order  to  understand  processes  which  cause  the  produced  rela¬ 
tionship  of  resistivity  to  number  of  cycles  it  vjas  necessary 
to  compile  the  results  of  investigations  by  other  methods 
along  with  €his  investigation.  The  study  of  paramagnetic  sus¬ 
ceptibility  showed  that  in  thermal  cycling  there  is  a  con- 
tinuous  increase  of  susceptibility  which  aenotes  the  continuous 
depletion  of  the  matrix  solid  solution.  The  subsequent  rise 
and  plateau  region  of  the  curve  can  be  understood  by  comparing 
the  resistivity  function  v/ith  the  hot  hardness  curve.  In  ^  ® 
same  interval  of  cycles,  a  hot  hardness  peak  is  ^ 

apparently  corresponds  to  reduced  block  dimensions.  Consequent¬ 
ly,  in  this  interval  the  path  of  the  resistivity  curve  is  con¬ 
current  upon  two  factors :  further  depletion  of  the  solid  solu¬ 
tion  causing  a  lowering  of  resistivity, and  brealting  up  of  the 
mosaic  blocks  which  then  leads  to  an  increase  in  resistivity. 


J3MK0UCM  (a) 


Pig.  i)..  Function  of  resistivity  to  number  of 
cycles:  a — microohms-cm;  b--n\jmber  of 
cycles. 


The  sharp  rise  of  resistivity  after  300  cycles  is  diffi¬ 
cult  to  exnlain  and  can  only  be  approached  by  comparison  of 
hot  hardness  and  paramagnetic  susceptibility.  For  a  precise 
explanation  of  these  processes  it  will  be  necessary  to  find 
new  methods  using  both  structure  sensitive  properties  and  those 
properties  which  depend  only  on  phase  composition. 

Paramagnetic  susceptibility  of  samples  and  vanes  of  alloy 
ZhS-bK  during  thermal  cycling. 

The  study  of  the  phenomenom  of  thermal  fatigue  requires 
careful  examination  of  structure  and  phase  changes  which  take 
place  in  thermal  cycling  of  alloys.  In  a  number  of  works  it 
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was  shown  that  diffusion  processes,  which  are  accelerated  by 
the  combine  effect  of  high  temperature  and  cyclic 
lead  to  a  more  intense  redistribution  of  elements  between  the 
grain  and  grain  bovindaries  /l/  and  separation  of  phases  in 
a^’inr  alloys  /27,  after  whi^  change  of  strength  sots  in. 
fering  extended  holding  at  900-10ob  C,  the  >J«-phases  and  car¬ 
bides  are  precipitated  from  alloy  ZhS-6K. 

A  very  effective  method  for  studying  phase  transforma¬ 
tions  in  alloys  containing  transition  elements  is  measuring 
paramagnetic  susceptibility.  It  is  known  that  the  Par^ag- 
netic  susceptibility  of  a  heterogeneous  alloy  X  obeys  the 
summation  law; 


X  «  rci;|fi  (2) 

vfliere  c^ — relative  weight  (or  volume)  of  the  constituent  phases 
and  --their  paramagnetic  susceptibility.  Summation  is  for 
all  phases  of  the  alloy.  However,  paramagnetic  susceptibility 
of  a  phase  depends  on  its  composition.  The  change  of  tran¬ 
sition  element  content  in  a  phase  causes  a  change  of  para¬ 
magnetic  susceptibility.  Thus,  measuring  paramagnetic  sus— 
ceptibility  gives  information  on  phase  changes  and  on  element 

redistribution  in  an  alloy. 

A  device  using  a  compensating  method  of  measuring  was 
developed  and  produced  for  measuring  the  paramagnetic  suscep¬ 
tibility  of  alloy  ZhS-6K.  A  diagram  of  the  device  is  shown_ 
in  Pig.  5.  Sample  3  in  special  holder  2  is  placed  in  a  vari¬ 
able  electromagnetic  field  1.  The  non-uniform  electromagnetic 
field  is  achieved  by  using  ellipsoidal-shape  tips.  The  sample 
is  contained  in  a  quartz  suspension  device. 

As  shown  in  work  /37>  the  ellipsoidal- shape  tips  provide 
a  constant  stress  field  H  at  a  magnitude  of  its  gradient 
SH/^x  in  a  plane  perpendicular  to  the  magnet  axis  and  at  a 
sufficiently  large  change  of  x.  The  resultant  force  is 


where  m--saitple  mass. 

This  force  acts  on  the  sample  so  long  as  the  magnitude 
of  <^H/^x  is  not  equal  to  zero  which  exists  on  the  magnet  axis. 
Therefore,  if  a  sample  has  been  placed  at  some  distance  from 
the  magnet  axis,  then  vjhen  the  field  is  turned  on  it  vriLll  move 
in  a  direction  along  the  axis 

In  the  described  device,  the  suspension  system  was  fas¬ 
tened  with  the  aid  of  axle  6  in  agate  bearings  $  and  had  free 
movement  around  this  axle,  so  that  when  the  whole  device  was 
set  up,  its  plane  of  oscillation  was  perpendicular  to  the  axis 
of  the  magnet.  When  the  sample  was  put  into  the  device,  it  v;as 
at  a  distance  of  10  mm  from  the  magnet  axis.  Vihen  the  magnet 
is  activated  the  sample  is  moved  in  a  direction  toward  its 
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axis  ut)  to  the  eoint  where  the  sample  will  he  in  equilibria 
between  force  P  and  the  force  of  gravity  (the  arc  described 
by  this  movement  will  be  angle  a).  The  compensation  metho 
consists  in  that  upon  the  action  of  force 

the  sample  is  return  to  its  initial  position.  At  this  time 
it  is  assumed  that  the  value  of  the  given  force  Pi  or  a  pro¬ 
portional  magnitude  is  known.  The  sample  is  returned  to  i  s 
initial  position  when  Pi-  P.  ^Then  on  the  basis  of  equation 
i3),  loiowing  the  value  of  H,  SH/J)t,  it  is  possible  to  deter¬ 
mine  the  paramagnetic  susceptibility  of  the  sample.  However, 
determining  is  much  more  difficult.  It  is  much  more 

reliable  and  simple  to  measure  susceptibility  of  samples  of 
alloys  which  are  of  the  same  material  for  which  the  suscepti¬ 


bility  is  knoii/n.  .  ,  .  ^ 

To  create  a  compensating  force  ?i  in  the  device  a  system 

was  examined  which  consisted  of  two  permanent  magnets  o  and 
coil  9,  wound  on  a  duraluminum  frame,  which  acted  as  a  damper. 
Coil  power  supply  came  from  filament  batteries  and  were  regu¬ 
lated  by  a  potentiometer.  With  the  poles  located  as  shown  in 
Pig.  ^3  transmission  of  direct  current  to  the  coil,  the  coil 
attempts  ot  move  out  of  the  field  in  the  direction  opposite 
to  that  of  the  current  flot^.  The  direction  of  the  current 
is  selected  in  such  a  manner  so  that  the  force  acting  on  the 
coil  moved  the  sample  in  a  direction  opposite  to  that  in  the 
magnetic  field.  Position  of  the  sample  is  fixed  by  a  system 
consisting  of  an  Illuminator  10,  mirror  7,  and  microscope  11 
in  which  the  initial  position  of  the  sample  is  marked. 

'Thus,  paramagnetic  suscepti¬ 
bility  is  measured  on  the  de¬ 
scribed  unit  in  the  follovjing 
manner.  With  the  microscope 
the  initial  position  of  the 
suspension  device  with  the  sam¬ 
ple  is  marked.  A  rectifier, 
supply  power  to  the  coil  of  the 
electromagnet,  is  turned  on. 
Passage  of  current  throuf^  the 
coil  of  the  compensating  instru¬ 
ment  tries  to  return  the  sample 
to  its  initial  position.  The 
measure  of  force  returning  the 
sample  is  ciirrent  I  passing 
throixgh  the  coil.  This  current 
is  corrected  to  the  unit  mass 
of  the  sample  and  in  this  way 
serves  to  measure  its  paramag- 


Pig.  Diagram  of  unit  netic  susceptibility.  Palladium 

for  measuring  naramag-  was  selected  as  a  standard  to 

netic  susceptibility.  determine  sample  susceptibility. 

It  possesses  high  susceptibility 
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(■)(.s5»3  X  10“^),  according  to  literature  data  Then,  if 
Iq — calculated  per  1  kg,  Is  the  compensating  current  for  the 
sample,  and  lpjj--the  same  for  palladium,  the  paramagnetic 

susceptibility  of  the  sample  can  be  easily  found  from  the 
relationship; 


^o  -  Xm 


(4) 


Measurements  showed  that  the  error  in  determining  X 
does  not  exceed  1.5/^*  Samples  for  measuring  paramagnetic  sus¬ 
ceptibility  were  cylinders  3  in  diameter  and  7“11  wm  long. 

The  paramagnetic  susceptibility  of  alloy  ZhS-6K.  was  investi¬ 
gated  on  samples  of  two  types:  1)  cast  rods  with  a  diameter  of 
3  mm  which  were  given  a  standard  heat  treatment  and  then  sub¬ 
jected  to  thermal  cycling,  and  2)  samples  cut  from  vanes  which 
had  past  stand  tests.  At  the  same  time  vanes  from  different 
heats  were  tested,  x'he  results  obtained  on  vanes  from  the 
material  of  one  heat  were  in  better  agreement  in  that  there 
was  no  variation  of  composition.  In  Pig,  6a  and  6b,  the  topo¬ 
graphy  is  shown  as  to  how  the  samples  were  cut  from  the  vanes. 

As  we  see,  the  leading  edge  of  the  vane  and  the  region  adjacent 
to  it,  on  both  the  ''back"  and  "trough"  sides,  were  investigated. 
Furthermore,  suspectibility  v/as  measured  in  three  places  along 
the  length  of  the  vane.  Selection  of  the  indicated  topography 
was  dependent  on  the  fact  that  cracks  in  vanes  most  frequently 
appear  on  the  leading  edge  and  are  propagated  into  the  vane. 

The  study  of  paramagnetic  susceptibility  in  relation  to  the 
number  of  thermal  cycles,  conducted  in  the  mode  of  20-1000- 
20  C  and  with  air- jet  cooling,  revealed  a  continuous  growth 
in  susceptibility  magnitude.  This  steady  increase  of  sus¬ 
ceptibility  indicates  that  during  thermal  cycling  there  is 
a  continuous  redistribution  of  components  between  phases 
diminishes  as  number  of  cycles  increases,  llo  peculiar  anoma¬ 
lies  are  observed  in  change  of  susceptibility  which  apparently 
denotes  a  smooth  redistribution  of  elements  and  separation  of 
new  phases  in  the  given  conditions.  True,  the  method  of  para¬ 
magnetic  susceptibility  does  not  malce  it  possible  to  judge 
local  changes  of  concentration  x-/hich  can  occur  in  a  sample. 
Therefore,  the  conclusion,  v;hich  one  can  make  from  the  results 
of  measurements,  belongs  to  the  entire  volume  of  the  sample  in 
this  case.  This  conclusion  consists  of  the  following.  Ther¬ 
mal  cycling  v/lth  air- jet  cooling,  carried  out  on  thin  ld=3  mm) 
san^jles,  apparently  leads  to  an  acceleration  of  aging  processes, 
which  should  take  place  at  the  maximum  temperatures  of  the 
cycle. 

In  vanes  which  have  a  more  complex  shape,  a  significant 
stress  gradient,  leading  to  ununiform  redistribution  of  ele- 
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monts.is  formed.  Under  these  conditions,  formation  of  cracks 
is  more  probable.  Consequently,  to  study  crack  fomation  it 
is  necessary  to  measure  susceptibility  very  close  to  the  cracks. 
TTb.erefore«  if  cracks  were  observed  in  the  vane,  samples,  be- 
sides  those  illustrated  in  Pig.  6,  were  also  cut  from  sections 
adjacent  to  the  crack. 


50, 75  u  ISO  uuk/ioB  ( a  ) 


Pig.  6.  Paramagnetic  susceptibility  at  various  points 
of  a  vane  for  different  number  of  cycles:  a--50»  75> 
and  150  cycles;  b — 100  cycles;  ©--ij-oO  cycles. 


Vanes  made  from  the  material  of  one  heat  were  studied 
after  stand  testing  for  $0,  100,  1^0,  240,  350  and  4^0 

cycles.  In  this  case,  cracks  of  different  magnitude  were  ob¬ 
served  in  vanes  after  100,  240,  350,  and  4^0  thermal  cycles. 
Measurements  showed  that  the  same  regularity  of  change  in  sus- 
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ceptibility,  with  respect  to  number  of  cycles,  is  not  observed 
in  samples  cut  from  the  same  sections  of  the  vane  (Pig.  6a— 6c)# 
It  may  oven  indicate  the  tendency  of  the  studied  sections  to 
an  Increase  of  susceptibility  up  to  100  cycles,  to  a  subse¬ 
quent  decrease  susceptibility  and  a  new  increase  starting  at 
3!p0  cycles.  However,  it  must  be  noted  that  susceptibility  is 
the  seme  for  various  sections  of  the  vane  along  its  length. 

As  a  rule,  the  highest  susceptibility  is  observed  in  the  top 
portions  of  the  vane,  especially  during  those  cycles  where 
the  general  increase  in  susceptibility  is  observed.  It  can 
be  assumed  that  because  of  the  non-uni f 01*111  distribution  of 
temperature  along  the  vane  during  stand  tests,  there  is  a  re¬ 
distribution  of  alloying  elements  between  phases  which  leads 
to  increased  susceptibility  in  the  top  portions  of  the  vane. 

We  noted  that  in  ail  the  examined  vanes  having  cracks,  these 
cracks  v;ere  primarily  located  in  the  top  portion,  fhus,  sam¬ 
ples,  cut  from  the  section  adjacent  to  a  crack,  have  a  notedly 
higher  suscentibility  that  the  rest  of  the  vane.  For  vanes 
after  l+BO  cycles  (Pig.  6c),  a  sample,  cut  from  the  edge  close 
to  a  crack,  shows  a  susceptibility  of  73*9  3C  10"'  while  in 
sections  further  away  from  the  crack  this  value  is  37““39  x 
10“7.  Here  the  increase  of  susceptibility  depends  on  to  what 
extent  is  a  crack  developed.  In  a  vane  after  100  cycles  where 
crack  development  is  just  starting,  susceptibility  of  the  ad¬ 
jacent  section  is  only  ij.6 — 1)-7  xlO"'  (Pig.  6b)#  Since  cracks 
primarily  form  in  the  leading  edge  and,  according  to^increase 
of  number  of  cycles,  are  propagated  inv/ardly,  it  is  interesting 
to  trace  the  change  of  susceptibility.  It  is  evident  in  Pig. 

6c  that, for  semples  cut  near  cracks  and  in  the  deeper  sections, 
susceptibility  dropped  to  ^0  x  10“',  i.  e.,  by  30/^.  Inasmuch 
as  an  increase  of  susceptibility  is  observed  only  in  samples 
directly  adjacent  to  the  crack,  vjhile  in  neighboring^ regions 
no  Increase  of  susceptibility  is  observed,  it  is  desirable  to 
explain  to  what  depth  of  a  crack  is  the  zone  of  increased  sus¬ 
ceptibility  propagated.  For  this  purpose  a  sample  touching  the 
crack  was  cut  off  little  by  little  from  the  side  of  the  crack 
and  the  susceptibility  of  the  remaining  section  measured.  Since 
susceptibility  is  calculated  by  the  s\m]mation  law,  then 

mj^Xj^  =  m£X]_  +  m^j,  (5) 

where  m^^,  m^^,  and  ra^. — masses  of  the  initial  sample,  the  removed 
layer,  and  the  remainder  respectively,  and  X^f  Xj.  Xr~~ 

their  susceptibility# 

Using  this  formula,  it  is  possible  to  calculate  the  sus¬ 
ceptibility  of  the  removed  layer  and,  taking  the  susceptibility 
of  this  layer  equal  to  the  susceptibility  of  its  center  (which 
is  true  for  thin  layers^,  to  plot  a  curve  of  the  susceptibility 
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^i^fvlbution  alonr  the  depth  of  the  sample,  starting  from  the 
Sis  eSS5l..ent  wL  carried  out  for  samples  from  a 

rnna  tjVi-irh  had  -underron  U.80  thermal  cycles.  Results  of  the 
vane  which  naa  <+  As  can  be  seen  from  the  curve, 

'fho^susSptSility  of  a  crack  is  approximately  35  times  great- 
“  thS  tL  average  susceptibility  of  the  v^e  material  md 
diminishes  rapidly  to  a  depth  of  0.5  mm.  fhis  drop  of  sus 
ceptibility  slows  down  and  at  a  depth  of  ^ 
bility  is  only  1.5  times  greater  than  the  initial  material. 

Thus  it  has  been  explained  that  increased  susceptibility  is 
localized  at  a  crack  in  the  layer  which  does  not  exceed  more 
than  2-2.5  mm.  The  cause  of  increasing  susceptibility  ap  a 
crack  can  be  both  redistribution  of  elements  between  phases 
near  the  crack  and  burn-out  of  elements  from  the  crack  surface 
which  in  this  sense  is  the  some  for  the  surface  of  the  vane. 

Thus,  the  study  of  para¬ 
magnetic  susceptibility  of  alloy 
ZhS-6K  during  thermal  cycling 
showed  that  for  3“mm  samples 
the  susceptibility  increases 
uniformly  and  is  the  result  of 
aging  processes.  No  anamolies 
in  this  case  (within  the  liitiits 
of  experimental  accuracy)  are 
observed  which,  apparently,  was 
a  result  of  an  almost  complete 
absence  of  a  thermal  stress  gra¬ 
dient  during  cooling.  In  samples 
cut  from  vanes,  the  susceptibility 
is  unequally  distributed  in  the 
body  of  the  vane,  whereupon,  as 
as  a  rule,  it  increases  in  the 
top  third.  An  increase  of  sus¬ 
ceptibility  can  be  the  result  of 

/->r>  r.f*  -hVift  d  ROltltion 


Pig.  7»  Curve  of  the  dis¬ 
tribution  of  paramagnetic 
susceptibility  to  depth  of 
samples  a--distance  from 
crack,  mm. 


with  alloyings  elements  which  are  transformed  into  tho  V -phase 
and  carbides.  V/o  noted  that  cracks,  as  a  rule,  are  formed  in 
the  top  portion  of  a  vane  on  the  leading  edge  and  form  a  zone 
having  increased  paramagnetic  susceptibility. 

Measurements  of  paramagnetic  susceptibility  during  ther¬ 
mal  cycling  of  alloys  and  vanes  from  alloy  ZhS-6K  reveal  the^ 
important  role  of  phase  transformations  which  take  place  during 
such  treatment.  A  further  study  of  paramagnetic  susceptibility 
will  make  it  possible  to  explain  the  manner  in  which  redistri¬ 
bution  of  elements  between  phases  occurs  during  thermal  cycling. 
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STUDY  OP  TH3  DIFFUSION  AND  OXIDATION 
PR0C3S33S  IN  ALLOY  ZhS-6K  UND3R 
CONDITIONS  OF  TH3RMAL  CYCLING 


fFollowing  is  a  translation  of  an  article  by 
S,  D.  Gortsriken  (deceased),  I.  Ya.  Dekh^ar, 

L.  M.  Kumok,  V.  V»  PllifiQS^P*.. 

■zi3r5v"  in“the  Russian-lancuage  Voprosy 
MetWov  i  Metallovedeniya  ^  Problems  of  Metal 
Physics  and  Tietal  Sclent,  Collection  of  Sci¬ 
entific  Works  of  the  Institute  of  Metal  Physics, 

No  17,  Kiev,  1963»  Academy  of  Sciences  Ulcrainian 

SSR,  pp  132-137^1 

(ihe  outstanding  achievements  of  modem  science 
ensineering  still  have  the  problem  of  the  use  of  stmctural 

materials  at  olevatpd  and  super-high  ” 

tion  of  thermal  fatigue  problems  is  especially  importmt  in 
connection  with  the  construction  of  jet  s^Sines  ^d  fi^ng 
annaratus  of  different  action  and  in  connection  with  the  use 
oFatomic  and  thermonuclear  energy  where  the  operation  of 
components  is  associated  with  temperature  fluctuations. J 

jThe  number  of  cycles  of  heating  fatitme  / 

aunearance  of  cracks  serves  as  a  measure  of  thennal  fatigue^/ 
SSotov  ll7,  in  studying  thu  dynamics  of  crack  develop- 
i^^ntbv  X-ray  analysis,  noted  that  crack  formation  precedes 
the  foLation  of  a  block  structure  and  tuming^^d  bending^of 
blocsk  (investigations  were  conducted  on  a  singale  y 

It  is  necessary  to  assume  that  diffusion  processes 

SS  a  significant.  If  not  specific,  role 

combined  effect  of  high  temperature  and  ^ 

lead  to  precipitation  of  a  second  phase  ?^JJ;^^tion 

mftt-ninides)  in  a  finely  dispersed  state  and  to  redistribution 
o?  eiemerts  bStSeen  thi  bod?  of  a  grain  and  the  bomdary  zones 
and  have  a  decisive  effect  on  strength  of  a  material.  , 

jXs  a  rule,  thermal  cycling  shows  a  negative  effect 
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the  mechanical  properties  of  a  material.  o^o-Ses^ 

is  diminished  with  increase  in  number  of  cycles.  Froco^ses 
of  material  fracture  or  change  of  part  shape  are  very  com¬ 
plex  and  their  development  depends  on  a  whole  series  of 
sons  which  are  dependent  on  the  nature  of  materials  and  alloys, 
on  the  para^teTs  of  a  thermal  cycle  and  othor  factors. 

CorrSion  of  a  material  has  much  significance  as  to^ 
thermal‘~^tHBim"y.  As  is  known,  corrosion  involves  format^n 
of  stress  concentrators  vjhich  lead  to  deterioration  oi  thermal 


stability .J  ,  ■ 

Diffusion  of  Chromium  and  nickel  in  alio?/-  ZhS-6K  by  methods  _qf 
vaporization  in  a  vacuum  and  radioactive  Isotop^. 


If  one  of  the  components  in  an  alloy  has  a  relatively 
high  vapor  tension,  then  during  heating  in  a  vacum  it  will 
be  easily  vaporized.  In  this  case  a  concentration  gradient 
will  develop  this  component  will  be  vaporized  from  the  sur¬ 
face  to  the  point  that  there  will  be  a  movement  of  the  materi¬ 
al  to  the  surface  by  means  of  diffusion.  Taking  into  account 
the  quantity  of  material  vaporized,  one  can  determine  the 
diffusion  coefficient  of  a  component  with  a  high  value  of 
vapor  tension. 

Calculations  of  the  coefficients  of  diffusion  wore  done 
by  formulas  derived  by  Grlnberg  and  then  refined  and  tabulated 
by  Gortsriken  and  his  associates  •  Knovzlng  the  percentage 
content  of  chromium  in  the  alloy,  it  is  possible  to  determine 
its  absolute  content  in  a  given  sample.  The  change  of 
weight  of  a  sample  Am  in  the  process  of  annealing  at  tempera¬ 
ture  OK  in  time  t  we  assume  to  occur  due  to  vaporization  the 
chromium.  Hence,  as  a  result  of  ^nealing,  Qq-^  ■  Q  chro¬ 
mium  remains  in  the  sample.  Knowing  Q/2Qq,  it  is  possible, 
in  accordance  v;ith  the  given  metaod,  to  fine  from  tables, 

where  h  is  the  half-thickness  of  the  sample.  This  is  how  the 
diffusion  coeffleients  of  chroraitim  were  found  for  five  tempe¬ 
ratures  in  the  interval  1273“li4^3  K. 


T,  OK  1273  1323  1373  1398  1423 

D,  m2/sec  3.16x10-18  2.52x10-15  9.33xlO"l5  1.91x10“!^  3.98x10“^ 

To  determine  the  activation  energy  of  the  diffusion  pro¬ 
cess  the  temperature  relationship  of  the  diffusion  coefficient 
was  used,  which  has  the  foxmi 

D  (1) 

Where  3 — activation  energy,  T — absolute  temperature,  R— gas 
constant,  and  factor  independent  of  temperature.  Taking 
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the  logarithm  of  this  equation  vre  obtain 

InD  =  lnDo^-E/R)a/T),  (2) 

and  from  this  it  is  evident  that  InD  is  a  linear  fucntion  of 
reciprocal  temperature  on  the  Kelvin  scale.  In  this  manner, 
by  plotting  the  relationship  of  InD  to  reciprocal  temperature 
(Pig.  1),  we  determine  the  actication  energy  of  diffusion  and 
the  entropy  member  Dq,  As  a  result  the  following  relation¬ 
ship  of  the  diffusion  coefficient  of  chromium  in  alloy  25hS-6K 
to  temperature  was  obtained: 

D  =  ^1.01  X  10^)6”^^”^^  ^  103/RT)  j^2/sec  (3) 

The  high  value  of  diffusion  activation  energy  in  the 
investigated  alloy,  and  its  relatively  low  diffusion  coeffi¬ 
cient  indicate  that  this  alloy  should  be  stable  to  wealcening 
at  elevated  temperatures. 


Pig.  1.  Relationship  of  the  diffusion 
coefficient  of  chromixun  to  recipro¬ 
cal  temperature  in  alloy  ZhS-6K. 

In  the  case  of  studying  the  diffusion  of  radioactive 
which  has  a  very  soft  ^-radiation  (1.01  x  lO"'*’^  joules), 
it  is  convenient  to  use  the  absorption  method.  This  method 
is  based  on  the  use  of  change  of  sample  activity  before  and 
after  annealing  due  to  radiation  absorption  of  the  diffusing 
element  owing  to  its  penetration  into  the  sample.  Diffusion 
annealing  of  samples  was  carried  out  in  a  quartz  tube  which 
was  evacuated  and  then  filled  with  argon  after  which  it  the 
tube  was  placed  in  an  electric  furnace. 

The  diffusion  coefficient  was  calculated  by  the  foraiula 

Nt/N©  =  ©rf  z  ,  (ij.) 
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whero  =  ><2Dt;  — integral  activity  of  the  sample  before 

annealing;  and  N-t; — integral  activity  of  the  sample  after  anneal 

ing  for  period  of  time  t.  4.i 

Gertsriken  and  Pryanishnikov  compiled  tables  with  the, 
aid  of  which,  knowing  N4-/N0,  it  was  possible  to  find  z=/V»  Dt, 
and  then  lcnov7ing><  and  t,  to  find  D  where is  the  coefficient 
of  absorption  for  Ni°3  radiation  in  the  investigated  sample. 

To  determine  the  absorption  coefficient  and  radiation 
of  nickel  in  the  alloy,  the  follo^d-ng  formula  was  used: 

/t  =  >^1^1  (5) 

100 

where  '^3*  •  • — coefficients  absorption  for  nickel  radia¬ 

tion  in  the  corresponding  components  of  the  alloy,  and  C]^,  C2» 
C2--percentage  of  these  components  in  the  alloy.  ‘The  absorp¬ 
tion  coefficients  can  be  determined  if  one  of  them  is  known 
by  the  ratio  ^i/^2  “‘^1/^2*  where  ^2.  and  the 

respective  components.  For  the  initial  magnitude  of  the  ab¬ 
sorption  coefficient  of  nickel  radiation  in  nickel,  we  used 

lO^m"^.  On  the  basis  of  calculations  by  the  indicated  method, 
an  absorption  coefficient  of  9.88  x  lO^”-*-  was  obtained. 

Diffusion  coefficients  were  calculated  as  the  average 
value  of  2-3  annealing  times  for  2-[}.  samples.  •  • 

T,  OK  1093  1173  1293  1393 

D,  ra2/sec  4.65  x  10”^^  11.71  x  lO"^^  3.4^10~^^  8.95x10*'^ 

Activation  energy  of  the  process  E  and  D^  wore  deter¬ 
mined  from  the  graph  of  the  relationship  betvreen  InD  and  l/T 
which  ensues  from  equation  (1). 

Thus,  the  diffusion  equation  takes  on  the  form 

D  z  (0.324  X  10“^)exp  (161  xlO^/RT),  m/sec  .  (6) 

The  large  diffusion  coefficients  and  low  activation 
energy  show  that  in  the  given  case  the  granular  diffusion  plays 
an  important  role.  This  is  very  important  for  a  subsequent 
explanation  of  processes  which  take  place  in  the  given  alloys 
under  conditions  of  high  temperature  operation. 

Isothermal  oxidation  of  alloy  ZhS-6K. 

To  study  isothermal  oxidation  of  the  alloy  a  special 
tinit  was  developed  which  made  it  possible  to  weigh  the  sample 
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t^fhout  rerovinr  it  from  the  furnace.  In  this  manner  it  was 
i^ssible  to  annLl  the  sample  vdth  constant  observation  of  its 
chanf^e  in  v/eir'ht  as  a  result  of  oxidation. 

^  On  the^asis  of  measurements,  tine  functions 

change  in  sample  weight  twicS 

for  throe  temperatures:  1273»  1373»  3.nd  •j-473  K.  yp 
relationship  for  T  s  1473  K  is  given  in  i^ig.  • 


*  =  i4  exp 


hr}. 


iig/cni' 


au  m 


?ig.  2.  Time  function  of 
sample  change  in  wei^t  per 
square  centimeter  in  the 
case  of  isothermal  heating 
at  1473  K 


j,s  seaO'*' 


FIq.  3.  Time  relationship  of 
the  square  of  change  of  weight 
of  samples  per  square  centimeter 
in  the  case  of  isothermal  heat¬ 
ing  at  1373  K 


It  was  shown  that  the  points-of  these  curves  satisfy 
the  parabolic  low  of  oxidation  (Ap)^  s  kt  +  c,  P"". 

change  in  sample  v/eight  in  the  process  of  oxidation  relative 
to  one  square  centimeter;  k— oxidation  constant;  and  c--con- 

stant  for  the  parabolic  equation.  ^  ^  ^  « 

During  the  time  of  oxidation,  the  magnitude  of  k 
changed  somewhat  (Pig.  3).  Corresponding  magnitudes  are  given 

in  Tabl^l.^  oxidation  for  five  hours  at  1473  K,  no 

re^lt  of  tS^formSion  If  a^tSIk^oxide"" layer  which  prevents 

further ^xidatiom^^  of  the  activation  energy  oj 

was  conducted  for  two  temperatures  (1273  S^is^ 

the  time  continuity  of  the  oxidation  fonst^t 

not  comparable  for  the  other  two  temperatures.  i>or  this, 

relationship 

k  a  (7) 

was  used  where  A  is  the  temperature  independent  parameter  and 
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3  is  tho  activation  energy  of  the  process.  The  activation  ener¬ 
gy  of  the  process  was  found  to  be  71*2  kilo Joule s/mole. 


Table  1 


rM< 

npOMC/KyiOK  Bpe- 
Me»H,  B  ceK,  r^e 
/  V  /f  ^  sonst 

i  (a) 

2 

rng 

sec 

1273 

0,36 

0,36—1,8 

1,53- 10“^ 
MO-^ 

1373 

0—0,9 

0,9— 4,5 

.X.S-IO”"* 

1,97.10-'* 

1473 

0-0,0,54 

0,054—0,18 

14,7-10-' 
7,7.3- 10-* 

0,18—3,6 

0,00-10“* 

Keyt  a--intermediate  tine  in  seconds  where  k  s  constant j 


Oxidation  of  alloy  ZhS-6K  dvu?ing  cyclic  annealing. 

In  contrast  to  the  case  of  isotheirtnal  heating,  in  cyc¬ 
lic  heating  there  occurs  a  loss  of  x-reight  of  the  saniples.  At 
this  tine  oxidation  strongly  depends  on  selection  of  the  mode 
of  cyclic  heat  treatment.  01"^ 

Thus,  at  1373  K  with  various  cycling  times  of  86.4  x  10-^, 
21.6  X  103,  3,6  X  103,  and  0,9  x  103  seconds  the  rates  of  oxi¬ 
dation  will  be  0,834  X  10"3,  2.21  x  10”5,  20,8  x  10“3,  and 
83,4  X  10"3  mg/cm2-sec  respectively,  'This  relationship  is 
shoxm  in  Pig.  4. 

V/eight  of  samples  during  cyclic  annealing  decreases  due 
to  break-off  of  oxides  at  the  moment  of  a  sharp  change  of  tera- 
peratvire,  which,  in  turn,  proceeds  as  a  result  of  the  differ¬ 
ence  in  expansion  coefficients  of  tho  scale  and  the  initial 
material.  At  temperatures  of  1273  and  1473K,  oxidation  was 
conducted  at  0.9  x  103  seconds  per  cycle  with  0.2  x  10-^  sec 
for  air  cooling.  The  oxidation  rate  for  a  specific  time  was 
different  for  different  temperatures  and  remained  almost  con¬ 
stant  for  the  indicated  temperatures  which  respectively  were 
equal  to  0,0^28  x  10“^  and  19.9  x  10-4  mg/cm‘=^-sec. 

Comparison  of  these  data  vn.th  data  on  the  oxidation  of 
nichromein  conditions  of  cyclic  heat  treating  at  1373  K  showed 
that  tho  oxidation  rate  of  alloy  ZhS-6K  is  approximately  1.5 
times  less  that  for  nlchrome  at  the  same  conditions. 

X-ray  analysis  was  used  to  study  the  phases  of  the  oxides 


nf  vanes  havinK  been  in  operation  for  7*2  x  10^  , 

was  found  that  into  the  composition  of  the 

and  ch^mium  enter.  Por  this  x-ray  diffraction  patterns  were 
taken  of  powders  from  the  investigated  alloys.  On  the  patterns 
were  noted  lines  characteristic  for  different  phases. 


Pig.  l|..  Time  relationship  of 
sample  change  in  weight  per 
square  centimeter  in  the  case 
varying  the  process  of  cyclic 
oxidation  at  1373  K;  a— seconds; 
b— cycle  time,  seconds;  c— mg/ 
cm2. 


In  Table  2  are  given  the  values  of  and  sin  for  the 
identified  lines  corresponding  to  the  NiO  phase. 


Table  2 


/ 

a*  10,  HM 

hkl 

sin  <p  1 
(Teop.^t)l 

2  /,  MM 

9- 10»  pad 

(c)  - 

sin  9 

(eKcnep.)^^ 

12 

24 

100 

60 

60 

- — 

4,172 

4,172 

4,172 

4,172 

4,172 

(222) 

(311) 

(200) 

(111) 

(200) 

0,947 

0,906 

0,547 

0,476 

0,775 

36 

48 

67,5 

56 

79 

125,0873 

115,61 

58,535 

48.513 

88,08 

0.953 

0,916 

0,554 

0,467 

0,772 

Key:  a— nm,  b— (theoretetical),  c— radians,  d— (experi 
mental. 

That  the  circumstance  that  the  measured  sin  fp  did  not 
precisely  agree  with  calculated  magnitudes  of  sin  «P  in  ^he 
assumption  of  a  pure  oxide  NiO,  it  is  apparent  that  in  the 
formation  of  NiO,  certain  other  elements  enter  into  the  alloy. 

S  can  be  seen  from  Pig.  k.  linos  for  NiO  are  present. 
Another  system  of  lines  being  present  are  those  of  chromium 
oxide. 
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